ABSTRACT It has been found that with mutation of two surface residues (Lys 22 / Glu and His 104 / Arg) in human purine nucleoside phosphorylase (hPNP), there is an enhancement of catalytic activity in the chemical step. This is true although the mutations are quite remote from the active site, and there are no significant changes in crystallographic structure between the wild-type and mutant active sites. We propose that dynamic coupling from the remote residues to the catalytic site may play a role in catalysis, and it is this alteration in dynamics that causes an increase in the chemical step rate. Computational results indicate that the mutant exhibits stronger coupling between promotion of vibrations and the reaction coordinate than that found in native hPNP. Power spectra comparing native and mutant proteins show a correlation between the vibrations of Immucillin-G (ImmG):O59Á Á ÁImmG:N49 and H257:NdÁ Á ÁImmG:O59 consistent with a coupling of these motions. These modes are linked to the protein promoting vibrations. Stronger coupling of motions to the reaction coordinate increases the probability of reaching the transition state and thus lowers the activation free energy. This motion has been shown to contribute to catalysis. Coincident with the approach to the transition state, the sum of the distances of ImmG:O49Á Á ÁImmG:O59Á Á ÁH257:Nd became smaller, stabilizing the oxacarbenium ion formed at the transition state. Combined results from crystallography, mutational analysis, chemical kinetics, and computational analysis are consistent with dynamic compression playing a significant role in forming the transition state. Stronger coupling of these pairs is observed in the catalytically enhanced mutant enzyme. That motion and catalysis are enhanced by mutations remote from the catalytic site implicates dynamic coupling through the protein architecture as a component of catalysis in hPNP.
INTRODUCTION
The investigation of detailed mechanisms by which enzymes catalyze chemical reactions is one of the most vigorously studied areas of modern biochemistry and biophysics. It is widely accepted from both experimental and computational studies that protein motions can be intimately connected to enzymatic function. Such fluctuations are often necessary for substrate binding (1) (2) (3) (4) (5) (6) . In addition, there is convincing experimental evidence that the height of the chemical barrier is different in different conformational substates (7) .
A more controversial question is whether there are motions in the enzyme on the timescale of barrier passage that directly couple to the reaction coordinate and affect catalysis. Both computational and theoretical evidence suggest the plausibility of such motions. We have called these enzyme motions ''promoting vibrations'' (8) (9) (10) (11) (12) (13) (14) (15) . These motions are different from the networks of coupled motions that have been suggested to facilitate chemical reactions. The latter refer to conformational changes on a relatively slow timescale (16, 17) . The ''promoting vibration'' described here refers to dynamic motion within a single global protein conformation. The two effects are different and occur on separate timescales.
Previous studies on rate-promoting enzymatic motions in the human purine nucleoside phosphorylase (hPNP) (EC 2.4.2.1) reaction had shown that promoting vibrations in the complex of hPNPÁguanosineÁHPO 2À 4 cause the O59, O49, and Op oxygens to compress, and this motion contributed to catalysis (13) . This article provides evidence that remote mutations in purine nucleoside phosphorylase (PNP) affects active site dynamics, which in turn correlate with the catalytic properties.
PNP catalyzes the reversible phosphorolysis of (deoxy)-ribonucleosides to generate the corresponding purine base and (deoxy)ribose 1-phosphate ( Fig. 1) (18) . Although the equilibrium of this reaction favors nucleoside synthesis, the enzyme operates in the phosphorolysis direction in vivo because of metabolic removal of products by purine phosphoribosyl transferase (19, 20) . hPNP functions to remove deoxyguanosine, and its genetic deficiency causes apoptosis of T-cells as a consequence of the accumulation of deoxyguanosine in the circulation and dGTP in the cells (21) (22) (23) (24) . Inhibition of hPNP is useful in targeting undesirable cell proliferation in T-cell cancers, autoimmune diseases, and tissue transplant rejection. Hence, the discovery of powerful inhibitors for PNP has been an important goal (25, 26) . Transition state (TS) theory applied to PNP has resulted in picomolar TS analogs that have entered human clinical trials (8, 27, 28) .
Kinetic isotope effect (KIE) studies of the arsenolysis reaction catalyzed by hPNP suggested a reaction proceeding via an S N 1-like stepwise mechanism (D N *A N ) to form a TS with a substantial oxacarbenium ion character. The TS is completely dissociated with the purine leaving-group departure from the ribosyl group complete before the attack by the arsenate nucleophile (27, 28) . The rate-limiting step is release of purine, and the ribosyl group is proposed to migrate several times between the purine and phosphate before release of products (8) . Compounds that resemble the enzymatic TS capture the enzymatic forces used for catalysis and convert catalytic energy into binding energy, resulting in powerful inhibition (29) (30) (31) (32) . The features of the TS structure from studies of the chemical mechanism and KIE analysis were used to design chemically stable analogs to act as TS analog inhibitors, resulting in discovery of the Immucillins ( Fig. 1) (27, (33) (34) (35) (36) .
hPNP and bovine PNP (bvPNP) show 88% sequence identity and are homotrimers (Fig. 2 a) . The catalytic site is located near the subunit-subunit interface (Fig. 2, b and c) , where residue F159* is a catalytic site residue donated to the active site from an adjacent subunit. However, the catalytic activity and the crystallographic packing properties of bvPNP compared with hPNP are different. A mutant protein in which the surface residues of hPNP were changed to the identity of those in the bovine enzyme was made to improve the crystallographic properties of hPNP to match the superior diffraction properties of bvPNP. The two surface residues remote from the active site, Lys 22 and His 104 of hPNP, were mutated to Glu and Arg, respectively (Fig. 2 a) . The crystal structure of Lys 22 Glu, His 104 Arg hPNP (E:R hPNP) exhibits no significant changes in the catalytic site and only small structural differences from native hPNP. The E:R hPNP is catalytically competent with little change in K m , k cat , or inhibition constants for TS analogs (37) . However, as will be shown, the temperature dependence of catalysis by E:R hPNP is altered.
On the basis of these background data, we hypothesized that dynamic coupling from the remote residues to the catalytic site may play a role in catalysis. In this study, we investigated by both computation and experiment how ''promoting vibrations'' in normal and E:R hPNP might influence the rate of reaction and the dynamic properties. We carried out singleturnover rapid reaction kinetics as a function of temperature to establish the rate of the chemical step. Molecular dynamics (MD) simulations of trimer hPNP and E:R hPNP complexed with a TS analog and also with guanosine and phosphate provide a model of protein dynamics to compare with experimental chemistry. The power spectrum of the distance-distance cross-correlation function between O59Á Á ÁN49, N49Á Á ÁOp, and H257:NdÁ Á ÁO59 were compared. These analyses of chemistry, structures, and dynamics were used to gain insight into the mechanism by which distant residue mutations affect both dynamics and catalysis.
EXPERIMENTAL METHODS

Computational method
Model of enzyme
The starting structure for the human enzyme was taken from the crystal structure of hPNP complexed with the TS analog, Immucillin-H (ImmH), and phosphate at 2.5 Å resolution (Protein Data Bank (pdb) code 1RR6). The crystal structures of hPNP provide coordinates for the monomer as the asymmetric unit. Therefore, we computationally generated the hPNP homotrimer based on the rotation and translation along the threefold crystallographic axis using the Crystallographic Object-Oriented Toolkit (COOT) program (38) . Validation of the modeled trimer of hPNP comes from comparison with the coordinates of bvPNP in the trimeric form (pdb code 1LVU) FIGURE 1 PNP-catalyzed phosphorolysis of guanosine yielding guanine and a-D-ribose 1-phosphate. ImmG is a TS analog mimic of the TS oxacarbenium ion character and is a picomolar inhibitor of human PNP. (39) . The molecular threefold axis of hPNP is coincident with the crystallographic threefold axis in cubic space group P2 1 3, enforcing a fully symmetric homotrimer. The global root mean-square deviation (RMSD) of the backbone atoms between the trimer bvPNP (pdb code 1LVU) and the modeled trimer hPNP is 0.7 Å with identical alignment of the TS inhibitor and residues at the active site (Fig. 3 a) .
The trimer of the E:R hPNP mutant structure was derived from the hPNP structure. It was modeled by mutation of Lys 22 Glu and His
104
Arg using the Biopolymer module in the InsightII program (Accelrys, San Diego, CA). Comparing the in silico mutated protein with the now available crystal structure of the mutant protein (37), the heavy atom RMSD is ;0.9 Å , but in all important sections, such as the catalytic site and the loop conformation in contact with two mutated residues, the atomic positions are exactly the same. The difference between the two is likely caused by divergences in the minimization process necessary for both structures. The crystal structure of E:R hPNP exhibits no significant changes in the catalytic site and small structural differences from native hPNP to give a RMSD heavy atom deviation (including side-chain residues) of only 0.6 Å . All backbone atoms are perfectly superimposable. Although these two mutated residues are distant from the catalytic site of the adjacent subunit (25 Å and 45 Å for H104R and K22E, respectively), they indirectly affect this subunit through an interface loop contact. Residue H104 is in van der Waals contact with the F159 loop (residues 155-166), which interacts at the catalytic site of the adjacent subunit. Catalysis is sequential at each subunit in PNP, and a one-third molar concentration of TS analog provides complete enzymatic inhibition (36) ; thus, the only subunit (subunit A) of trimer PNP and E:R hPNP was filled in the catalytic site with molecules of TS inhibitor or substrate and phosphate (Fig. 2 a) .
Based on the H-bond pattern to Immucillin-G (ImmG), the catalytic-site residue Glu 201 is deprotonated at neutral pH to stabilize the purine base ( 2 c) (40). The protonation states for all other ionizable residues were set to their solution pK a values assuming a pH of 7. Thus, histidine residues were modeled as neutral residues with the proton on the nitrogen atom at the d-or e-position (Nd or Ne) determined by hydrogen bond patterns deduced from the crystal structure. The catalytic site His 257 with protonation at Ne was assigned so that Nd could stabilize the O59-hydroxyl of the ribose ring (8) .
The CHARMM22 all-atom force field (41) was used to represent the protein amino acid residues, guanosine, and phosphate. The TIP3P model (42) was used to represent the crystallographic water molecules. The potential for ImmG was generated using the structure of guanosine, which is well parameterized in the nucleic acid force field of CHARMM22. ImmG is a transition-state analog of PNP, and the substrate guanosine and ImmG are isosteric, differing by only two atoms, N9 / C9 and O49 / N49. These atom types and partial charges were assigned from the atom types available in the CHARMM22 topology file. The C9 carbon was assigned as the CG carbon type from the pyrrole ring of tryptophan (CY type 28). Atom N49 and its attached hydrogen atoms in ImmG were assigned from the protonated NH 1 2 of a proline N-terminal (NP type 59). Imms bound at the catalytic site of hPNP are known to be cationic (43) .
MD simulations
MD simulations of hPNP and E:R hPNP in complex with 1), ImmG and phosphate and 2), guanosine and phosphate were performed with the CHARMM molecular mechanics program. The initial minimization removed van der Waals contacts using 5000 steps of steepest descent followed by the adopted-basis Newton-Raphson algorithm until convergence in the RMSD gradient of 0.001 kcal/molÁÅ and energy changes of ,0.001 kcal/ mol. We applied a weak restraining harmonic potential of 5 kcal/molÁÅ 2 to ImmG, guanosine, and phosphate to retain their positions in the crystallographic structures. Nonbonded interactions were calculated within a 12-Å cutoff distance using a smoothing function to gradually reduce to zero this contribution between 12 Å and 14 Å . The SHAKE algorithm, with a tolerance of 10
À8 , was applied to constrain all bonds involving hydrogen atoms (44) . The time step for the integration was 1 fs. During the heating phase, the temperature of the system was increased over the first 10 ps from 0 to 300 K and remained constant through the rest of simulation. The system was equilibrated for 50 ps at 300 K, with the velocities rescaled every 100 steps to the target temperature of 300 K, using a single scaling factor for all atoms. Finally, the simulation was continued for another 200 ps as the production run with coordinates saved every 10 fs. To reiterate: 10 ps heating, 50 ps equilibration, and 200 ps for the production run, for a total of 260 ps. Energetic conservation was monitored by recording energetic properties including the potential energy, kinetic energy, and total energy as well as temperature as a function of time. Plots of both the absolute values and the fluctuations of these energies are stable. The trajectory from the last 100 ps of the production run was used for the promoting vibration analysis. The root mean-square fluctuation (RMSF) of peptide backbone residues was used to identify the relative displacements of residues in the trimer PNP. This analysis reflects the flexibility and mobility of residues in protein but does not provide the details of correlated motions within protein. Principal component analysis (PCA), also known as essential dynamics (45) (46) (47) , is a method commonly used for dissecting the large-scale dynamics of proteins and their importance in biological processes such as loop motion or substrate binding. We implemented PCA to identify correlated motions in the subunits of E:R hPNP and hPNP complexed with ImmG and phosphate. A previous essential dynamics study of correlated motions in hPNP has shown that the correlated motions observed in a 200 ps simulation were comparable to those of a 1 ns simulation (48) . With that observation in mind, we applied the PCA to 200 ps production MD simulations.
In addition, 900-ps solvated simulations under cubic periodic boundary conditions were also performed for the hPNPÁImmGÁHPO 2À 4 and E:R hPNPÁImmGÁHPO 2À 4 systems to demonstrate that a total of 260 ps from the initial heating step to the production run is an adequate simulation time. The conclusion drawn from both simulations is similar. The details are given in the Supplementary Material (Fig. S1 and Fig. S2 in Data S1).
Experimental procedure
Site-directed mutagenesis
Site-directed mutagenesis was carried out using a QuikChange Multi SiteDirected Mutagenesis kit (Stratagene, La Jolla, CA) to prepare hPNP (E:R hPNP). The method used the native hPNP gene inserted into pCRT7/NT-TOPO (28) as a template and K22E forward 59-GCTTCTGTCTCATACTGAGCAGCGACCTC-AAGT-39, K22E reverse 59-ACTTGAGGTCGGTGCTCAGTATGAGCAA-GAAC-39, H104R forward 59-AGTGAGGGTTTTCCGCCTTCTGGGTGTGG-39, H104R reverse 59-CCACACCCAGAAGGCGGAAAACCCTCACT-39 oligonucleotides.
The DNA sequence was confirmed and the plasmid was transformed into Escherichia coli strain BL21(DE3)pLysS competent cells (Invitrogen, Carlsbad, CA).
Expression, purification, and assay of E:R hPNP E:R hPNP was expressed and purified to homogeneity as judged by SDS-PAGE using the same procedure used previously for the purification of the native hPNP (28) . Activity assays for the E:R hPNP mutant monitored the conversion of hypoxanthine to uric acid (e 293 ¼ 12.9 mM À1 cm À1 ) (49) in a coupled assay containing 60 milliunits xanthine oxidase, variable concentrations of inosine, and 50 mM KH 2 PO 4 , pH 7.4, at 25°C (50). E:R hPNP was catalytically competent with little change in K m or k cat compared with native hPNP.
Stopped-flow fluorescence
The temperature dependence of single-turnover catalysis with guanosine was determined using an Applied Photophysics (Leatherhead, UK) StoppedFlow Spectrophotometer (model p*-180 spectrometer) equipped with a thermostat-controlled water bath. The fluorescence increase caused by enzyme-bound guanine was followed by excitation at 280 nm and emission above 290 nm (2.5-nm slit widths, 2-mm path length). The rates (k 3 ) represent the conversion of PNPÁguanosineÁHPO 2À 4 to PNPÁguanineÁR1-P (Fig.  4) . Equal volumes of;4 mM enzyme in 50 nM KH 2 PO 4 , pH 7.4, were rapidly mixed with saturated guanosine in the same buffer. The temperature was varied from 4°to 20°C. Two hundred data points were collected over 0.1 to 0.5 s, and at least three runs were averaged at each temperature.
RESULTS AND DISCUSSION
Crystal structures comparison
Immucillins are tightly bound TS analogs of PNPs that immobilize the protein domains involved in catalysis as established by H-D exchange (36) . This structure is thought to be closely related to the TS geometry (8) . TS structures have been reported for bvPNP and hPNP based on KIE studies (27, 28) . Both enzymes employ S N 1-like mechanisms and have TSs with substantial ribooxacarbenium ion character. The bvPNP proceeds through an early S N 1-like TS, whereas the hPNP proceeds through a more dissociative TS. ImmG and other TS analogs were developed to mimic these TS features.
The crystal structures of bvPNP and hPNP with bound ImmH and HPO 2À 4 were superimposed (pdb codes 1RR6 and 1B8O(50), respectively). The superposition gave structures with highly conserved features: a global RMSD of 0.7 Å and orientation of the catalytic site residues, which are identical within crystallographic error (structures are 1.5 Å and 2.5 Å resolution, respectively). The structural superimposition is shown in Fig. 3 b. The greatest structural difference is contributed by the loop of residues 57-65 (RMSD of ;5-7 Å ), which is closed in bvPNP but more open in hPNP (RMSD of the backbone atoms is given in Fig. S3 in Data S1). In the closed-loop form, residue His 64 H-bonds to the PO 4 group and induces a H-bond between the carbonyl backbone atom of Pro 62 and the Ne of His 257 . However, the conformation of Immucillin binding is the same, within crystallographic error, in hPNP and bvPNP. The trimeric hPNP and bvPNP exhibit one-third the site inhibitor binding and are proposed to function by sequential site catalysis. Site-site interactions occur because the active sites are located at the subunit interfaces. Most residues at the active sites are contributed from one subunit, but residue F159* is contributed from a loop on the neighboring subunit.
Protein promoting vibrations
Structural stabilities of hPNP and E:R hPNP during the simulation were determined as a function of time using the RMSD of the backbone atomic positions and the radius of gyration (Fig. 5) . The analysis suggests that the systems are relatively stable over the final 100 ps of the analysis and do not significantly deviate from their respective crystal structures. The radius of gyration centered on the center of mass of the trimeric PNP remains essentially constant.
Fourier transforms (FTs) of distance-distance cross-correlation functions for several previously studied distances (13) were performed to compare promoting vibrations identified in hPNP and E:R hPNP. PNP complexed with ImmG and HPO 2À 4 was used as the transition-state model to examine promoting vibrations. The dynamics inherent in promoting vibrations are subpicosecond motions that couple to the reaction coordinate and facilitate formation of the TS. We examined the vibration of the HPO 2À 4 :OpÁ Á ÁImmG:N49 distances (OpÁ Á ÁN49) and correlated this with the ImmG: O59Á Á ÁImmG:N49 (O59Á Á ÁN49) distance and the H257: NdÁ Á ÁImmG:O59 (H257:NdÁ Á ÁO59) distances (Fig. 2 c) and then computed their FTs to obtain power spectra. From the active site geometry, it is proposed that H257 participates in the formation of a three-oxygen stack (O59Á Á ÁO49Á Á ÁOp) when the guanosine substrate is bound near the TS geometry.
The power spectra of the distance autocorrelation function of OpÁ Á ÁN49 and the distance-distance cross-correlation functions of OpÁ Á ÁN49 with O59Á Á ÁN49 were calculated for hPNP and E:R hPNP (Fig. 6) . The frequency and pattern of the OpÁ Á ÁN49 distance in the two protein complexes are significantly different (Fig. 6 a) . From comparison of the peak resonance features and the pattern of the power spectrum, the coupling of the distances variation is stronger in E:R hPNP than in native hPNP. In E:R hPNP, a similar pattern of the power spectrum resonance peaks is found for the two distances at;200 cm À1 , 300 cm À1 , 420 cm À1 , and 520 cm À1 (which translates into 160-60 fs motions). In hPNP, the dominant vibrational frequencies of the OpÁ Á ÁN49 distance are found at 100 cm À1 and 300 cm À1 (which translates into 330-100 fs motions). In contrast to E:R hPNP, the resonance vibrations between the two distances (OpÁ Á ÁN49 with O59Á Á ÁN49) are found only at 100 cm À1 . The power spectra of the autocorrelation function of the O59Á Á ÁN49 distance and the distance-distance cross-correlation function of the O59Á Á ÁN49 distance with the H257:NdÁ Á ÁO59 FIGURE 4 Reaction scheme of PNP (E) for conversion of guanosine to guanine and ribose 1-phosphate (R1-P). Only the enzyme-bound guanine is fluorescent under these conditions. Product release (k 7 ) is rate limiting. distance are shown in Fig. 7 . In hPNP, the vibration of the O59Á Á ÁN49 distance and the H257:NdÁ Á ÁO59 distance shows weak correlation with the only resonant peak at 490 cm À1 . In E:R hPNP, the FT of the correlation functions is similar, showing that O59Á Á ÁN49 and H257:NdÁ Á ÁO59 vibrate at the same frequencies: at ;150 cm Greater spectral similarity between these motions in the E:R hPNP than in hPNP suggests more effective dynamic coupling. Experimental data support the observation of the protein promoting vibration from residue H257. The data include several crystal structures of PNP complexed with substrate or transition-state inhibitors, all of which show close atomic contact between the 59-hydroxyl and H257:Nd (8, 51) . Mutagenesis of H257 to Gly reduces the k cat /K m of the guanosine substrate ;600-fold compared with the wild-type hPNP (52) . Finally, eliminating the interaction between H257 and the 59-hydroxyl moiety by the use of 59-deoxy-ImmG decreased binding affinity by 1200-fold (53) .
The correlated motions of H257:Nd, O59 and O49 are also observed in the complex of hPNP with guanosine substrate, and in E:R hPNP, the spectra are almost superimposable (Fig.  8) . Throughout the last 100 ps of the (260 ps) simulation with guanosine, the summation of the two distances O59Á Á ÁO49 and H257:NdÁ Á ÁO59 are more compressed in E:R hPNP than in hPNP. This indicates a stronger coupling of promoting vibrations to the oxygen stacking of O59 and O49. This compression mode is proposed to play a role in forming the TS. Altering the dynamics of H257 influences the O59 motion in the catalytically important oxygen stack and thus facilitates dynamic motions important for catalysis.
Subunit-subunit communication via the interface
In the previous section, we demonstrated that mutations remote from the catalytic sites alter active site dynamics and influence catalytic properties. Here we explore how those remote mutations affect the protein dynamics. We calculated the RMSF of peptide backbone residues to identify the relative displacements of residues in trimer PNP (Fig. 9, a and  b) . The distribution of RMSF for backbone atoms as a function of residue number indicates that F159 of subunit C, noted as F159 C , was found to be the center of the most mobile region (0.8 Å fluctuation) in E:R hPNP but was not observed in hPNP. We applied PCA to identify correlated motions in the subunit of E:R hPNP and hPNP complexed with ImmG and phosphate. The first 10 eigenvectors were analyzed, but only the first few eigenvectors contribute significantly (Fig.  S4 in Data S1). Eigenvector 1 of E:R hPNP reveals correlated motions between residues 57-65 of subunit A (the phosphate loop) and residues 155-160 of subunit C (the F159 C loop) (Fig. 10) . These loops interact through the subunit interface. C is the key residue in a cluster of hydrophobic residues (F159 C , H257 A , Y88 A , and F200
A ) covering ImmG in the catalytic pocket (Fig. 11 ) from bulk solvent. Enhancing the motion of the F159 C loop affects conformational packing of the hydrophobic cluster and, consequently, increases cluster stability and also interactions with the ImmG TS inhibitor. To further test this hypothesis, we calculated the nonbonded interactions, including van der Waals and electrostatic terms, between ImmG and neighboring residues. A total of 1000 configurations (0.1 ps sampling) during the last 100 ps of 260-ps simulations were FIGURE 8 Power spectra of the O59Á Á ÁO49 distance autocorrelation function and the O59Á Á ÁO49 and H257:NdÁ Á ÁO59 distance-distance cross-correlation functions of guanosine and HPO 2À 4 complexed with hPNP and E:R hPNP (a). The plots show the distance O59Á Á ÁO49, H257:NdÁ Á ÁO59, and the summation of two distances throughout the last 100 ps of a 260 ps simulation (b). collected and averaged (Fig. 12) . The distances between the center-of-mass and backbone residues indicate that, in E:R hPNP, the changes in dynamics arising from F159 C contacts alter the geometry of the hydrophobic cluster.
Although two residues were selected for mutation to alter the structure of hPNP toward bvPNP, we found that the K22E mutation plays no significant role in the altered dynamics and catalysis. The K22E mutation is a spectator that arose from experimental attempts to crystallize the protein by altering the electrostatic properties of hPNP toward the bvPNP surface. From the trimeric PNP structure, the K22E mutation is more distant from the neighboring active site (45 Å ) and does not participate in the connectivity observed for the H104R mutation.
Temperature-dependent kinetic study
Computational support for stronger coupling of the promoting vibrations in E:R hPNP indicates that E:R hPNP is a better catalyst than hPNP. This hypothesis was tested by measuring the temperature dependence of the catalytic step (k 3 ) for both enzymes (Fig. 4) . Single-turnover kinetics established the chemical step by monitoring the increase of fluorescence intensity from the formation of PNPÁguanineÁR1-P complexes (55, 56) . The turnover numbers for both native and E:R hPNP increased monotonically with increasing temperature. However, E:R hPNP showed a higher rate (k 3 ) at all temperatures, and the difference increased at physiological temperature. For example, the turnover numbers for E:R hPNP were 214 s À1 and 840 s À1 at 25°C and 37°C, respectively, compared with 154 s À1 and 540 s À1 for native hPNP. The full experimental data of the turnover rate as the function of temperature are given in the Supplementary Material (Table  S1 in Data S1).
CONCLUSIONS
Computational and experimental results indicate that E:R hPNP exhibits stronger coupling of the promoting vibrations to the reaction coordinate than found in native hPNP. Mutations remote from, but linked by dynamic motion to, the catalytic site of hPNP alter at least one promoting vibration and the catalytic properties of this enzyme. Power spectra comparing native and E:R hPNP show a correlation between the vibrations of O59Á Á ÁN49 and H257:NdÁ Á ÁImmG:O59 consistent with a coupling of these motions. These modes are linked to the protein promoting vibrations. Stronger coupling of motions to the reaction coordinate increases the possibility of reaching the TS and also the activation free energy. Coincident with the approach to the TS, the sum of the distances of O49Á Á ÁO59Á Á ÁH257:Nd becomes smaller, which is implicated in stabilizing the oxacarbenium ion. Combined results from crystallography, mutational analysis, chemical kinetics, and computational analysis are consistent with dynamic compression playing a significant role in forming the TS. Stronger coupling of these pairs is observed in the catalytically enhanced mutant E:R hPNP. That motion and catalysis are enhanced by mutations remote from the catalytic site implicates dynamic motion coupling through the protein architecture as a component of catalysis in hPNP.
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